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A B S T R A C T   

The Guanzhong Plain is a critical food production area in the Yellow River Basin that frequently suffers from 
water shortages. In this study, long-term (June 2013 to June 2018) water and energy fluxes were observed, and 
path analysis was conducted over an irrigated winter wheat (Triticum aestivum L.) / summer maize (Zea mays L.) 
rotation field to identify the controlling factors of evapotranspiration (ET). Total ET for each crop year ranged 
from 627 to 775 mm, with an average growing season ET of 398 mm for wheat and 310 mm for maize. There is 
significant seasonal variation in both ET and surface conductance (Gs). Daily ET varied from 0.0 to 6.0 mm d–1 

for wheat and 0.0 to 6.7 mm d–1 for maize. The peak daily values of Gs were 29.5 mm s–1 for wheat and 19.5 mm 
s–1 for maize. The direct and indirect effects of environmental and biological factors—net radiation (Rn), surface 
conductance (Gs), saturation vapor pressure deficit (VPD), leaf area index (LAI), air temperature (Tair), and 
volumetric soil water content (VWC)—on ET were calculated using the path analysis method. Rn was determined 
to be the primary controlling factor of ET for both the summer maize and winter wheat growing seasons. Also, Gs 
was found to be another controlling factor that has more controlling power in the summer maize growing season 
than in the winter wheat season. VPD had a significant positive and direct effect on ET for both of the crop 
seasons, while it had a significant negative and indirect effect on ET through Gs in the summer maize season. 
VWC and Tair only directly affected the wheat ET. In addition, VWC had two significant paths that can indirectly 
affect ET through LAI and Gs. The revealed seasonal patterns and controlling factors of evapotranspiration in this 
agroecosystem provide a theoretical basis for optimizing water resources management of the Yellow River.   

1. Introduction 

Evapotranspiration (ET) plays a vital role in the hydrological cycle 
and energy partitioning in agricultural ecosystems. Identifying and un-
derstanding seasonal variation in water flux and energy partitioning is 
essential to determine controlling factors of water and energy fluxes at 
different spatial and temporal scales (Burba and Verma, 2005). Where 
water resources are scarce, an in-depth study of ecohydrological pro-
cesses (especially ET) is of paramount importance for efficient water use. 

A large amount of cropland irrigation can change the regional energy 
balance and water cycles, which affect the regional microclimate 
(Prueger et al., 1996). Therefore, studying the variation in water and 
energy fluxes, which are influenced by human activities (e.g., irriga-
tion), is helpful to understand the regional water cycle (Lei and Yang, 
2010). 

The eco-hydrological processes underlying the soil–plant–atmo-
sphere continuum are controlled by meteorological factors (e.g., net 
radiation, vapor pressure deficit, air temperature), hydrological factors 
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(soil water content), and biological factors (leaf area index and stomatal 
conductance) (Zha et al., 2013). While it was upscaled to the canopy, 
water and carbon exchanges are determined by the relationship between 
surface conductance (Gs) and aforementioned factors (Marques et al., 
2020). For given available radiation, the surface vapor conductance or 
Gs is the key parameter that controlling the magnitude of evapotrans-
piration in most land surface models (Salvucci and Gentine, 2013). 
Better understanding of Gs not only reveals the mechanisms underlying 
water and carbon exchange of land surface, but also is helpful for future 
applications of ET models under the conditions in which Gs need to be 
calculated (Marques et al., 2020). Quantifying Gs and studying its 
relationship with ET remain challenging because it is influenced by 
climate pattern and vegetation species (Tan et al., 2019). Therefore, it is 
essential to study the differences of mechanisms of Gs response to 
meteorological, biological, and hydrological factors among different 
vegetation types. In addition, previous studies only studied the rela-
tionship between Gs and aforementioned factors but ignored the inner 
relationship among these factors (Lei and Yang, 2010; Ma et al., 2015; 
Ryu et al., 2008; Suyker and Verma, 2008; Tan et al., 2019; Zha et al., 
2013). Recently, some studies have focused on revealing the main 
controlling factors considering the inner relevance of the ecohydro-
logical factors, although such studies are challenging (Tian et al., 2016; 
Massmann et al., 2019; Marques et al., 2020). 

Vapor pressure deficit (VPD) is projected to increase over continents 
at the end of this century because of the combination of increased 
temperature and, depending on region, decreased relative humidity 
(Byrne and O’Gorman, 2013). High VPD increases the atmospheric 
demanding of ET (Monteith, 1965; Penman, 1948) as well as reduces 
stomatal aperture (Damour et al., 2010). Therefore, there are two 
possible perspectives for how ET responds to VPD (Massmann et al., 
2019). On the one hand, it is well known that, from a hydrometeoro-
logical perspective, higher VPD increases the vapor pressure gradient 
between land surface and atmosphere, and this leads to an increase ET 
(Penman, 1948). On the other hand, from a plant physiology perspec-
tive, plants’ stomata have evolved to optimally regulate the exchange of 
water and carbon and tend to partially close in response to increased 
atmospheric dryness (Medlyn et al., 2017), which leads to a decrease in 
ET (Rigden and Salvucci, 2017). In a word, the question “How does ET 
respond to VPD?” can be related to whether plant regulation or atmo-
spheric demand dominates the ET response (Massmann et al., 2019). 

As an important component of the Yellow River Basin, the Guanz-
hong Plain, located in Shaanxi Province of Northwest China, is an 
important food production area that accounts for approximately two- 
thirds of the entire province’s total crop yield (Zhao et al., 2018). The 
major agricultural system in this region is double-cropping winter 
wheat/summer maize (Li et al., 2016). The eddy covariance (EC) tech-
nique is widely used to directly quantify water flux or ET between the 
biosphere and atmosphere without destroying the ecosystem (Baldocchi, 
2014). This technique is considered dependable for measuring fluxes 
with high time resolution and accuracy (Baldocchi, 2003). With this 
technique, we can improve our understanding of ecological and hy-
drological problems (Baldocchi, 2008, 2014; Korner, 2003; Wofsy et al., 
1993). Although many studies have used the EC method to characterize 
energy and mass fluxes across diverse ecosystems (Baldocchi et al., 
2001), none has characterized annual variation and controlling factors 
of water vapor flux in typical irrigated rotation cropland (winter 
wheat/summer maize) on the Guanzhong Plain. This area has a dry 
semi-humid climate. There was high VPD despite the crop being 
well-watered. Therefore, understanding the ET response to these two 
opposing effects of VPD (Massmann et al., 2019), especially for this 
irrigated area, will be useful for quantifying water use and optimizing 
water source management. 

With the EC technique, we conducted energy flux measurements, 
undertaken on Guanzhong Plain cropland from June 2013 to June 2018, 
to (1) assess seasonal variability in energy fluxes and determine the 
energy budget, (2) characterize seasonal and interannual variation in 

ET, and (3) investigate seasonal and interannual variability in ET and Gs 
and identify the main controlling environmental and biological factors 
of ET. 

2. Materials and methods 

2.1. Study area 

The experiment was conducted in an experimental field in Yangling 
(34◦17′ N, 108◦04′ E, 521 m a.s.l.) from June 2013 to June 2018 (Fig. 1). 
The field was approximately 200 m (north to south) by 250 m (east to 
west). The soil in the study area is a silty clay loam (based on the USDA 
Soil Taxonomy System) (Zheng et al., 2021) with a field capacity of 
0.235 m3 m–3 and bulk density of 1.35 g cm–3 (Yu et al., 2016). The 
groundwater table depth is > 55 m below the soil surface; thus, the 
water supplied by groundwater was assumed to equal zero. The mean 
annual temperature at the site is 12.9 ◦C, and mean annual precipitation 
is 630 mm (Yu et al., 2016, 2018). The mean annual precipitation during 
the study period was 599 mm, with 2016 and 2017 being wetter years, 
2013 and 2015 being drier years, and 2014 being a relatively normal 
precipitation year (Table 1). The maximum crop height was approxi-
mately 190 cm for summer maize and 90 cm for winter wheat. Summer 
maize (cv. Wuke No. 2) was planted around 20 June and harvested 
around 10 October each year, and winter wheat (cv. Xinong 979) was 
planted around 20 October and harvested around 10 June. Field man-
agement operations (i.e., fertilizer application, weed control, and irri-
gation) followed the local standard management schedule. Nitrogen 
(typically 180 kg N ha–1) was applied as urea ammonium nitrate solu-
tion prior to planting each crop. Flood irrigation was implemented when 
the crop was under slight water stress (soil moisture less than 70% field 
capacity). To avoid large amounts of deep percolation, the amount of 
irrigation was determined by water use (ET minus precipitation) since 
the last irrigation (Wang et al., 2020a). 

2.2. Fluxes and meteorological measurements 

The EC system was installed on a height-adjustable tripod. The 
sensors were positioned 2 m above the soil surface during the wheat 
growing season and 3 m above the soil surface during the maize growing 
season (Wang et al., 2020a). The EC system included a 
three-dimensional sonic anemometer (CSAT-3, Campbell Scientific, 
Logan, UT, USA) pointed toward the direction of the prevailing wind 
(providing approximately 120 m of fetch), an open path infrared gas 
analyzer (LI-7500A, LI-COR, Lincoln, NE, USA), and a datalogger 
(LI7550, 10 Hz, LI-COR, Lincoln, NE, USA). The system measured both 
latent and sensible heat fluxes between the ecosystem and atmosphere. 
Solar radiation was measured by pyranometer. Upward and downward 
short-wave and long-wave radiation were measured by pyrgeometer, 
both of which were installed 1.5 m above the soil surface during the 
wheat growing season and 2.5 m above the soil surface during the maize 
growing season. Boundary layer meteorological measurements included 
wind speed and wind direction measured with propeller anemometers 
(R.M. Young model 03002-5, available from Campbell Scientific, Logan, 
UT, USA) and air temperature and relative humidity measured with a 
humidity and temperature probe (model HMP60, Vaisala, Vantaa, 
Finland) placed 1.5 m and 2.5 m above the soil surface in the wheat and 
maize growing seasons, respectively. All signals were logged with a 
CR1000 datalogger (Campbell Scientific) and recorded at 30-min in-
tervals. Soil temperature and soil volumetric water content observations 
were taken at three depths (20, 40, and 60 cm below the soil surface) 
using a model 5TM dielectric permittivity meter (METER Environment, 
Pullman, WA, USA). Rainfall was measured with a tipping bucket rain 
gauge (model TE525MM-L, Campbell Scientific), snowfall was measured 
with a weighing type precipitation gauge (model OTT Pluvio, Dussel-
dorf, Germany), and soil heat flux (G) was measured with a self-tuning 
heat flux plate (model HFP01SC-L50, Hukseflux, Delft, The 
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Netherlands) located 8 cm below the soil surface. All sensors were 
calibrated and validated before installation (Wang et al., 2020a, 2020b). 
The theoretical basis of this EC system can be found in the book pub-
lished by Aubinet et al. (2012). 

Using an LAI-SUNSCAN instrument, we measured leaf area index 
(LAI) in the wheat and maize growing seasons every two weeks. Owing 
to the relatively low time-resolution for field observations of LAI, the 
values were obtained from the NOAA Climate Data Record, derived from 
a NOAA AVHRR Surface Reflectance product and gridded at a daily 
resolution of 0.05◦ https://developers.google.com/earth-engine/datas 
ets/catalog/NOAA_CDR_AVHRR_LAI_FAPAR_V4. The field observations 
of LAI were used to filter the remotely sensed LAI for outliers, with data 
gaps filled by linear interpolation. 

2.3. Flux data processing 

EddyPro software (https://www.licor.com/env/products/eddy_cov 
ariance/software.html) was used to process data into 30-min interval 
turbulent latent (LE) and sensible (H) heat fluxes. Post-processing of EC 
data included (1) spike detection, (2) time lag correction of H2O/CO2, 
(3) frequency response correction, and (4) coordinate rotation using the 
planar fit method (Wilczak et al., 2001). During the calculation of flux 
data, density correction was based on the method presented by Webb 
et al. (1980). The processed 30-min flux data and meteorological data 
were screened for anomalous or spurious values caused by system 
malfunction, power failure, and bad atmospheric conditions, and 
excluded (Zhang et al., 2016). Based on the quality analysis by EddyPro 

Fig. 1. Location of the research site in Yangling, China. Inset shows the eddy covariance flux tower. (a) The map of China. (b) The map of the Yellow River basin. (c) 
High-resolution map of the Guanzhong Plain. (d) Picture of the cropland and the Eddy Covariance (EC) tower. 

Table 1 
Energy fluxes and meteorological conditions during the 5-year study (June 2013 to June 2018) in Yangling, China.  

Variable Year ETa Rn LE Tair VPD β α ETeq P + I VWC LAImax   

(mm) (MJ m–2) (MJ m–2) (◦C) (kPa)   (mm) (mm) (m3 m–3) (m2 m–2) 

Summer maize 2013  284 1142 693  24.4  1.00  0.55  0.91  311 210 + 93 27.51 5.29 
2014  259 1161 632  23.5  0.99  0.74  0.82  317 394 24.91 5.31 
2015  316 1295 771  22.9  0.91  0.60  0.91  347 284 + 97 25.84 3.59 
2016  372 1353 907  24.8  1.09  0.43  1.00  373 320 + 89 24.01 4.80 
2017  320 1331 779  23.9  1.09  0.60  0.84  379 346 + 91 25.42 4.24 
Average  310 1256 756  23.9  1.02  0.59  0.90  345 311 + 74 28.02 4.96 

Winter wheat 2013–2014a  361 1344 891  8.9  0.48  0.45  1.23  295 303 22.24 4.59 
2014–2015a  368 1601 909  9.3  0.49  0.68  1.20  308 239 22.57 4.93 
2015–2016a  437 1593 1080  9.1  0.49  0.42  1.37  320 203 + 95 25.31 4.08 
2016–2017a  404 1429 998  9.3  0.47  0.39  1.17  347 385 + 97 25.39 4.12 
2017–2018a  420 1652 1037  9.2  0.52  0.54  1.23  342 241 + 90 25.56 4.04 
Average  398 1524 983  9.2  0.49  0.50  1.24  322 274 + 56 25.56 4.35 

Annual 2013–2014b  645 2486 1584  14.1  0.65  0.50  1.06  606 514 + 93 24.00 5.29  
2014–2015b  627 2763 1541  14.0  0.66  0.70  1.00  625 634 23.35 5.31  
2015–2016b  753 2888 1851  13.7  0.63  0.50  1.13  667 486 + 192 25.48 4.08  
2016–2017b  775 2782 1904  14.5  0.68  0.41  1.08  720 705 + 186 24.93 4.80  
2017–2018b  739 2983 1816  14.1  0.71  0.57  1.02  722 586 + 181 25.51 4.24  
Average  708 2780 1739  14.1  0.66  0.53  1.06  668 585 + 130 26.38 4.74 

ETa is actual evapotranspiration, Rn is net radiation, LE is latent heat flux, TAIR is air temperature, VPD is air vapor pressure deficit, β is the average daily Bowen ratio, 
α is the daytime Priestley–Taylor coefficient, ETEQ is equilibrium evaporation, P is precipitation, I is irrigation, VWC is volumetric water content, and Laimax is 
maximum leaf area index in each growing season. 
2013 indicates 10 June 2013–10 October 2013, and so forth for the other four years. 
2013–2014a indicates 10 October 2013–10 June 2014, and so forth for the other four years. 
2013–2014b indicates 10 June 2013–10 June 2014, and so forth for the other four years. 
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software, approximately 23.1% of the flux data recorded from 2013 to 
2018 were deleted. Data gaps shorter than 2 h were filled by linear 
interpolation, and data gaps longer than 2 h were filled using the 
average daily variation method (Falge et al., 2001). The gap-filling 
method used in this study could introduce uncertainties to the data, 
especially during periods of crop rotation. However, as the low-quality 
data usually occurred in the evening, the systematic bias of filled data 
has limited effects on the water and energy flux analysis. 

2.4. Calculations of hydrometeorological parameters 

Hydrometeorological parameters were used to identify the reasons 
for seasonal and interannual variability in ET. The parameters selected 
were Gs, the Priestley–Taylor coefficient (α; Priestley and Taylor, 1972), 
and the Bowen ratio (β; Bowen, 1926). 

Gs was calculated by inverting the Penman–Monteith equation 

Gs =
γLEGa

∆(Rn − G) + ρcpVPD − LE(∆+ γ) (1)  

where Gs is surface conductance (m s–1), γ is the psychrometric constant 
(kPa ◦C–1), LE is latent heat flux measured by EC, Ga is aerodynamic 
conductance (m s–1), Δ is the slope of the saturation vapor pressure 
versus temperature curve (kPa ◦C–1), Rn is net radiation at the study area 
(W m–2), G is the heat energy density into the soil (soil heat flux, W m–2), 
ρ is air density (1.2 kg m–3), cp is the specific heat of the air 
(1004.7 J kg–1 K–1), and VPD is air vapor pressure deficit (kPa) at the 
observation height. Note: outlier Gs values were not used when 
analyzing the relationship between Gs and other parameters. 

The calculation of aerodynamic conductance (Ga) can be calculated 
as (Paulson, 1970; Businger et al., 1971; Massman, 1992; Li et al., 2015): 

Ga =
k2Ws

[

ln
(

z
zo

)

− ψh

][

ln
(

z
zo

)

− ψm

] (2)  

where Ws is average wind speed at height z (m s–1); k is von Karman’s 
constant, 0.41 (− ); z is the reference height (m); d is the zero plane 
displacement height (m); zo is roughness length of the crop relative to 
momentum transfer (m); ψh is the stability correction function for heat 
and water transfer; ψm is the stability correction function for momentum 
transfers. 

The Priestley–Taylor coefficient (α), which is the ratio of measured 
ET (ETa) to equilibrium evaporation (ETeq), can determine whether at-
mospheric demand or surface moisture supply is the limiting factor. The 
calculation of ETeq is as follows: 

λETeq =
∆

∆+ γ
(Rn − G) (3) 

An ET/ETeq ≥ 1 indicates that available energy (Rn–G) is the main 
factor controlling ET due to sufficient soil water (McNaughton and 
Spriggs, 1986). In arid and semi-arid regions, this value is often less than 
1. It is reasonable to use the ET/ETeq ratio to compare different obser-
vational sites because the sites are normalized by equilibrium rates, 
mainly determined by Rn (Wilson and Baldocchi, 2000). 

The Bowen ratio (β; Bowen, 1926), which is the ratio of sensible heat 
flux (H) to latent heat flux (LE), through its effect on the warming extent 
of available energy to the ecosystem land surface air, heavily influences 
the ecosystem microclimate and hydrological cycle at both regional and 
global scales (Tang et al., 2014). The Bowen ratio is calculated as 

β =
H
LE

(4)  

2.5. Data analysis 

Path analysis was conducted to analyze the individual effects of 

independent variables on dependent variables (Edwards and Lambert, 
2007). It is widely used in multiple regression because it can exclude 
potential relationships between independent variables (Rodrigues et al., 
2014). Although it is similar to multiple regression, path analysis can 
estimate the strength and relative importance of assumed causal re-
lationships among variables. Path analysis is most effective in the 
absence of feedback and for evaluating data in which independence 
among variables is not certain, rendering more common multiple 
regression techniques inappropriate (Huxman et al., 2003; Zhuang et al., 
2016). Similar studies have adopted this method to reveal the direct 
effects of microclimate meteorological (air temperature: Tair, net radi-
ation: Rn, vapor pressure deficit: VPD, volumetric soil water content: 
VWC, wind speed: Ws and surface conductance: Gs) and biological (leaf 
area index: LAI) variables on ET. The standardized partial regression 
coefficient represents the direct effects of the meteorological and bio-
logical variables on ET(Eq. 5), and the sum of the standardized partial 
regression coefficients across each path is the indirect effect of the 
variable (Huxman et al., 2003; Rodrigues et al., 2014; Tian et al., 2016). 

The path analysis of ET was conducted based on the followed 
equation: 

ET = f (Tair, Rn, VPD, VWC,Ws,LAI,Gs). (5) 

Linear fitting was used to evaluate energy balance of the EC data and 
to analyze the relationship between measured ET and ETeq. Nonlinear 
fitting was used to analyze the relationship between Gs and α. 

All of the data analysis was performed using SPSS25.0 software. 

3. Results 

3.1. Meteorological information and energy balance closure 

Studies have used the energy balance closure (calculated as linear 
regression analysis of available energy (Rn–G) and the sum of sensible 
and latent heat fluxes (H+LE)) to evaluate the quality of EC data (Wilson 
et al., 2002; Rodrigues et al., 2014). Based on the daily data without gap 
filling from June 2013 to June 2018, the slope between H+LE and Rn–G 
during the summer maize and winter wheat growing seasons was 0.79 
and 0.87, respectively, with respective regression intercepts of 
9.96 W m–2 and − 1.48 W m–2, and coefficients of determination (R2) of 
0.81 and 0.92 (Fig. 2). The results of the regression analysis are shown in  
Table 2. For the five-year study period, the slopes of the regression 
analysis ranged from 0.75 to 0.90 during the maize growing season and 
0.70 to 0.91 during the wheat growing season, and the intercepts ranged 
from 3.40 to 13.22 W m–2 and –9.30 to 4.71 W m–2 for the maize and 
wheat growing seasons, respectively, thus indicating that some heat 
fluxes were not accounted for by the EC system. 

Even though many long-term flux observations based on the EC 
technique have been conducted worldwide, the reasons for residual 
energy and lack of energy balance closure are not fully understood 
(Foken, 2008; Widmoser and Wohlfahrt, 2018). Likewise, we found it 
difficult to identify the main factors that caused the energy imbalance in 
this agroecosystem. Measurement errors from the instruments (e.g., soil 
heat flux plates and EC system), sensible heat advection, energy 
consumed by photosynthesis, and energy storage in the surface soil layer 
and crop canopy could affect the energy balance (Li and Yu, 2007). 
Meyers and Hollinger (2004) reported that canopy and photosynthetic 
storage accounted for nearly 14% and 8% of Rn in maize and soybean 
(Glycine max L.), respectively. It is likely that the difference in canopy 
heat storage was the primary factor for the different energy balance 
closure between maize and wheat in our study. Based on the data from 
FLUXNET (Baldocchi et al., 2001), the slopes of the energy balance 
closure ranged from 0.53 to 0.99 (mean = 0.79 ± 0.01) and intercept 
values ranged from –32.9 to 36.9 W m–2 (mean = 3.7 ± 2.0) (Wilson 
et al., 2002). For ChinaFLUX sites, the slopes ranged from 0.49 to 0.81 
(mean = 0.67) and intercept values ranged from 10.8 to 79.9 W m–2 

(mean = 28.9) (Li, 2005). The slope and intercept in the current study 
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were comparable with these studies. Twine et al. (2000) introduced the 
Bowen ratio method for overcoming the energy imbalance issue, which 
assumes that the Bowen ratio can be measured accurately and forces the 
energy closure. Using the corrected long-term quality-assured observed 
data, we analyzed annual and interannual variation in energy fluxes in 
the studied ecosystem. 

During the observation period, solar radiation (Rg) and VPD ranged 
from 0.2 to 34.4 MJ m–2 d–1 and 0 to 2.98 kPa, respectively; both of 
which had typical seasonal variation (Fig. 3a). The mean annual tem-
perature over the five years ranged from 13.7 to 14.5 ◦C (mean 12.9 ◦C 
from 1990 to 2008). The maximum temperature during the observation 
period was 42.2 ◦C, and the minimum temperature was − 9.3 ◦C 
(Fig. 3b). The average annual precipitation was 599 mm, slightly below 
the 1990–2008 average of 630 mm. Most of the rainfall occurred from 
April to October during the maize and wheat growing seasons. There 
was relatively low precipitation from November to March when winter 
wheat was dormant. Total precipitation ranged from 210 to 394 mm 
during the maize growing seasons, and 202 to 385 mm during the wheat 
growing seasons (Fig. 3c). Although the temporal variability of precip-
itation was substantial, VWC remained relatively high during the crop 
growing seasons with the use of sufficient irrigation (Fig. 3c). LAI 
peaked twice each year due to the winter wheat/summer maize rotation 
(Fig. 3d). After the wheat was planted around 20 October, LAI increased 
slightly with emergence and early season growth, decreased when 
winter wheat was dormant, increased sharply in early March when 
regrowth began—peaking in late April/early May (4.04–4.93 m2 m–2)— 
before rapidly decreasing until harvest. In the summer maize cropping 
season, LAI peaked in early August (3.59–5.31 m2 m–2) before 
decreasing as maize progressed to physiological maturity in late 
September. 

3.2. Hydrometeorological parameters 

Seasonal patterns of daily α, ETa, ETeq, and Gs for this ecosystem were 
similar to those previously reported (Lei and Yang, 2010; Shen et al., 
2013; Suyker and Verma, 2008). Generally, α followed a clear annual 
cycle during the measurement period (Fig. 4a). The α value peaked 
during winter when wheat was dormant, indicating that sensible heat 
advection in winter significantly enhances ET. Annual average values of 
α over the five years of the study (Table 1) ranged from 1.00 to 1.13, thus 
indicating that α is a relatively stable parameter for estimating actual 
annual ET totals in this region. The average α values during the five 
wheat growing seasons ranged from 1.17 to 1.37 (Table 1). These values 
were higher than the average α values during the five maize growing 
seasons, which ranged from 0.82 to 1.00 (Table 1), which indicated that 
the water consumption capacity of wheat is greater than that of maize 
under the same radiative condition. 

The seasonal variation in daily ET, as well as daily equilibrium 
evaporation during the five years of the study, are shown in Fig. 4b. 
Because winter wheat was planted in mid-October, ET gradually 
increased from about 0.5 to 2.5 mm d–1 from emergence to early canopy 
development in November. During the winter dormancy period 
(December to January), ET reached minimum values due to both min-
imum equilibrium evaporation values and no transpiration from wheat. 
Subsequently, daily ET values were consistent with ETeq until late May 
when winter wheat began to senesce. As shown in Fig. 4b, ET was 
relatively low in June (~2.0 mm d–1) despite the high equilibrium 
evaporation because of the crop rotation used. As a result of the rapid 
maize growth from late June to August, ET rapidly increased during this 
period before rapidly decreasing from late August as summer maize 
matured and ETeq decreased. The daily ET of wheat reached maximum 
values between 5.5 and 6.0 mm d–1, whereas maize reached maximum 
daily ET values between 5.2 and 6.7 mm d–1. Because the peak ETeq for 
maize was slightly higher than that of wheat, maize had higher ETa 
during times of peak ETeq (~6.5 mm d–1) than wheat. During the wheat 
growing seasons, equilibrium evaporation (ETeq) explained 84.6% of the 
seasonal variability in daily ET. During the maize growing seasons, ETeq 
explained 82.6% of the seasonal variability in daily ET. The slope of the 
relationship between ETa and ETeq was 0.93 and 1.04 for the maize and 
wheat growing seasons, respectively (Fig. 5), and this can likely be 
attributed to the greater water use efficiency of C4 maize than C3 wheat 
(Tong et al., 2009). A similar result was reported by Lei and Yang (2010) 
in a maize/wheat rotation system in the North China Plain. The scatter 
of data points around the regression lines in Fig. 5 indicates that other 
environmental factors are influencing actual ET. The outlier values 
usually occurred between the wheat and maize rotation phases when 

Fig. 2. Daily energy balance closure for latent plus sensible heat fluxes (LE+H) versus net radiation minus soil heat flux (Rn–G) during the (a) summer maize and (b) 
winter wheat growing seasons (2013–2018) near Yangling, China. 

Table 2 
Energy balance analysis of latent heat plus sensible heat fluxes (LE + H) versus 
available energy (Rn–G) in the 2013–2018 summer maize and winter wheat 
growing seasons in Yangling, China.   

Summer maize Winter wheat 

Year Slope Intercept R2 Slope Intercept R2 

2013  0.76 13.22  0.75 0.91 –3.00  0.94 
2014  0.90 3.40  0.81 0.89 –2.10  0.92 
2015  0.75 12.10  0.85 0.83 –9.30  0.74 
2016  0.80 8.84  0.82 0.70 1.00  0.92 
2017  0.78 4.92  0.88 0.83 4.71  0.96 
5 years  0.79 9.96  0.81 0.87 –1.48  0.92 

Note: Rn is net radiation; G is soil heat flux. 

Y. Wang et al.                                                                                                                                                                                                                                   



Agricultural Water Management 259 (2022) 107242

6

LAI was low but ETeq was high. 
Surface conductance has been used as a parameter to reflect bio-

logical factors controlling seasonal variation in ET (Baldocchi et al., 
2004). Annual and interannual variation in daytime Gs is shown in 
Fig. 4d. As crop production moved between wheat and maize phases, Gs 
decreased as LAI reached the minimum values. Daytime Gs was about 

1 mm s–1 during the wheat dormancy period in winter, and then 
increasing to 25–29 mm s–1 when LAI reached maximum values in April. 
In the maize growing season, peak Gs values reached 13–17 mm s–1 

during vigorous growth in August. Maximum Gs values occurred when 
wheat and maize were actively growing. The winter wheat growing 
season produced around two times higher average surface conductance 

Fig. 3. Seasonal and inter-annual variability in environmental and biological factors from 2013 to 2018 near Yangling, China. (a) Solar radiation (Rg) and vapor 
pressure deficit (VPD); (b) daily mean air temperature (Tair), maximum air temperature (Tair_Max), and minimum air temperature (Tair_Min); (c) volumetric soil water 
content at depths of 20, 40, and 60 cm (VWC_20 cm, VWC_40 cm, and VWC_60 cm) and daily precipitation (P); and (d) leaf area index (LAI). 
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Fig. 4. Seasonal and inter-annual variability in daily surface parameters from 2013 to 2018 in a summer maize–winter wheat cropping system in Yangling, China. (a) 
Priestley–Taylor coefficient (α), (b) equilibrium evaporation (ETeq) and actual evapotranspiration (ETa), and (c) surface conductance (Gs). 

Fig. 5. Relationship between daily actual evapotranspiration (ETa) and equilibrium evaporation (ETeq) during the (a) maize and (b) wheat growing seasons near 
Yangling, China. Additional environmental factors likely caused the scatter in ETa around the regression lines. 
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than the maize growing season, which agrees with the two or more times 
higher Gs values observed in a fully developed wheat field (C3 plant) 
than a maize field (C4 plant) (Baldocchi, 1994). 

3.3. Energy partitioning and Bowen ratio variations 

Seasonal variability in daily Rn, H, LE, and G during the five years of 
the experiment are shown in Fig. 6. The maximum daily LE (between 
150 and 200 W m–2) usually occurred mid-season during May and 
August, respectively, and corresponded with maximum leaf area 
development (Fig. 6a). The first peak in daily H values occurred in June 
to early July between wheat senescence and rapid maize development. 
The second, lower peak occurred in October between maize senescence 
and early wheat development (Fig. 6a). We expect that this difference 
between locations is attributable to the lower latitude of our experi-
mental site than the North China Plain, resulting in relatively higher Rn 
when maize matured. 

The H decreased rapidly following crop emergence each year. During 
the rapid growth of wheat, daily H values were near zero. However, H 
rarely reached zero in the rapid growth period of summer maize. The 
ratios of heat fluxes to available energy (LE/(Rn–G), H/(Rn–G)) are 

shown in Fig. 6b to verify the relationship between seasonal variations 
in energy partitioning and crop phenology. Three peaks of LE/(Rn–G) 
were observed in each crop year. During the wheat growing season, peak 
values usually occurred in November (due to the emergence of wheat) 
and late April/early May (full canopy development and maximum LAI), 
and August (maximum LAI during the maize growing season). During 
the wheat growing season, LE/(Rn–G) ranged from 0.30 to 0.60 during 
the dormant season and 0.90 to 0.95 when maximum LAI was reached. 
As wheat approached maturity, LE/(Rn–G) sharply declined to approx-
imately 0.25. During the maize growing season, LE/(Rn–G) peaked at 
approximately 0.8–0.9, which was lower than the values observed in the 
winter wheat growing season. The values for H/(Rn–G) followed the 
opposite pattern to that seen for canopy development (Fig. 6b). 

The diurnal variations in energy fluxes (Rn, LE, H, and G) each 
month, averaged from 2013 to 2018, are shown in Fig. 7. All energy 
components followed familiar bell-shaped variation each day. The figure 
also shows that the energy fluxes exhibited clear seasonal variability 
with significant differences due to the development and senescence 
periods of the two crops. Midday Rn increased from 209 W m–2 in 
January to 513 W m–2 in July, with a slight decline from the peak value 
in June due to increased cloudiness associated with the rainy season. Rn 

Fig. 6. Seasonal and inter-annual variability in daily (a) average net radiation (Rn), soil heat flux (G), sensible heat flux (H), and latent heat flux (LE); (b) energy 
partitioning; and (c) Bowen ratio (β) from 2013 to 2018 near Yangling, China. 
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decreased to 223 W m–2 in December. LE peaked in May (400 W m–2) 
(maximum wheat leaf area) and August (442 W m–2) (maximum maize 
leaf area). High H values occurred from October to February when LAI 
values were low, at which time H and LE were nearly equal. Wheat leaf 
area increased rapidly in March, with a subsequent decline in H. G only 
consumed a small fraction of Rn, and showed diurnal hysteresis, peaking 
approximately 3 h later than the other three energy components. 

Annual variability in the daily Bowen ratio (Fig. 6c) was large during 
the two crop phases in a given year, as well as the winter wheat 
dormancy period, with maximum values ranging from about 1.5 to 2.9. 
However, β was relatively low when soil moisture was very high (e.g., 
June 2016 and October 2016 when the VWC was high). As the maize and 
wheat canopies developed fully, the β values decreased to relatively 
stable, low values (0.1–0.3), with mean values of 0.50 in the wheat 
growing season and 0.59 in the maize growing season. 

3.4. Environmental and biological controls on evapotranspiration 

Path analysis was used to determine the importance of daily mete-
orological, hydrological, and biological variables (Rn, Gs, VPD, LAI, Tair, 
and VWC) on ET during the maize and wheat growing seasons (Fig. 9 
and Table 3). As the figures shown, Rn was the primary direct factor 
controlling ET in both the maize and wheat growing seasons and the 
direct path coefficient of Rn to ET was 0.730 and 0.718 for maize and 
wheat season, respectively. Besides Rn, Gs was another main direct 
factor that controlling ET. The direct path coefficient of Gs to ET was 
0.345 and 0.212 for maize and wheat season, respectively. The direct 
path coefficient of VPD to maize ET was 0.121, which was less sensitive 
when compared with wheat ET. Both maize and wheat ET were directly 
affected by LAI, but the direct path coefficient of LAI to wheat ET (0.082) 
was lower than to maize ET (0.199). As shown in Fig. 9, only wheat ET 
was affected by VWC and Tair, indicating that wheat ET is prone to be 
affected by the soil water content during the growing season, although 

the crop was well watered. The maize season Gs was more sensitive to 
VPD than wheat season Gs, which results in a greater indirect effect of 
VPD through Gs on ET. Although the maize ET was not directly affected 
by VWC, there was a relatively higher indirect effect of VWC through Gs 
on ET. 

The direct effects of meteorological, hydrological, and biological 
factors on ET are shown by month in Fig. 10. Similar to the results shown 
for the growing season analysis (Fig. 9), Rn was the primary direct path 
for ET, with direct path coefficients was around 0.75 from March to 
September, evidenced by the nearly synchronized variations in daily 
averages of Rn and ET. The controlling power of VPD and Gs on ET was 
weaker than the effect of Rn on ET, whereas the effect of VPD and Gs on 
ET was also strong in some specific months. The relatively lower path 
coefficients of Gs on ET corresponded with the higher LAI in wheat and 
maize season. These results are consistent with the results of the 
seasonal-scale analysis. VWC generally significantly affected ET in 
November, December, and March, while wheat was experiencing 
dormancy, the soil had relatively low water content, and ET was mainly 
composed of soil evaporation. ET was not directly affected by Tair in 
most months. A positive direct effect of LAI on ET occurred in May, June, 
August, and October, and corresponded with periods of the large vari-
ability in LAI. 

The indirect effects of VPD, LAI, VWC, and Rn through Gs on ET are 
shown by month in Fig. 11. VPD, which can significantly affect Gs, was 
the primary indirect controlling factor of ET. The most significant 
negative indirect effect of VPD occurred in July, which corresponded 
with the highest VPD values. At the same time, the highest positive in-
direct effect of LAI on ET was also founded in July, which corresponded 
with the rapid growth period of maize. The indirect effects of Rn on ET 
through Gs were relatively low in each month. Although VWC cannot 
directly affect ET in July, it can indirectly affect ET by affecting Gs. It is 
consistent with the results of the seasonal-scale analysis. 

4. Discussion 

4.1. Environmental and biological controls on evapotranspiration 

Plant water use is influenced by both species type and the prevailing 
environmental conditions during the growing season (Xu et al., 2018). 
The maximum Gs values for maize and wheat (19.5–29.5 mm s–1) 
(Fig. 4c) were comparable with those reported by Lei and Yang (2010) in 
a similar rotation cropland in the North China Plain (15–30 mm s–1), 
Ding et al. (2013) in maize fields in an arid region (20 mm s–1), and Tian 
et al. (2016) in cotton fields (13–20 mm s–1), lower than those reported 
by Suyker and Verma (2008) in maize and soybean fields in Nebraska, 
USA (30–40 mm s–1). ET increases with Gs, but this relationship does not 
continue when Gs is higher than a threshold value (Fig. 8). There are 

Fig. 7. Average diurnal time course of net radiation (Rn), latent heat flux (LE), sensible heat flux (H), and soil heat flux (G) over a summer maize–winter wheat field 
near Yangling, China. Data points are 30-min averages computed from data collected each day of a given month from 2013 to 2018. 

Table 3 
Path coefficients of the direct and indirect effects of daily net radiation (Rn), 
vapor pressure deficit (VPD), surface conductance (Gs), leaf area index (LAI), air 
temperature (Tair) and volumetric water content (VWC) on evapotranspiration 
(ET) for the maize and wheat seasons.   

Maize ET Wheat ET  

Direct Indirect Direct Indirect 

Rn 0.73 0.06  0.718 0.117 
VPD 0.121 –0.187  0.151 -0.008 
Gs 0.345 NS  0.212 NS 
LAI 0.199 0.158  0.082 0.021 
Tair NS NS  0.042 NS 
VWC NS 0.113  0.065 0.079  

Y. Wang et al.                                                                                                                                                                                                                                   



Agricultural Water Management 259 (2022) 107242

10

numerous previous studies have demonstrated that the Rn is the primary 
driver of ET. But the effect of the other environmental and biological 
factors varies with climate type and land surface. Generally, the values 
of Gs reflect the effects of biological factors on the seasonal variation in 
ET, and the values of ETeq can reflect the effect of environmental factors 
on seasonal variation in ET. However, Gs was also affected by VPD and 
soil water content. A study conducted by McNaughton and Spriggs 
(1986) reported that α was sensitive to Gs when Gs was less than a 
threshold value. Suyker and Verma (2008) reported a consistent 
threshold of Gs in a maize field. The threshold Gs at our site (10 mm s–1) 
was lower than the threshold Gs values reported by Lei and Yang (2010) 
in a wheat/maize rotation (15–20 mm s–1), Ding et al. (2013) in a maize 
field (20 mm s–1), and Suyker and Verma (2008) in a maize and soybean 
rotation (10–15 mm s–1), but slightly higher than the threshold Gs value 
reported by Tian et al. (2016) in a cotton field in northwest China 
(8 mm s–1). The other studies have also reported this threshold phe-
nomenon, but the threshold varies with ecosystems and climates (Ryu 
et al., 2008; Zha et al., 2013; Ma et al., 2015; Tan et al., 2019; Marques 
et al., 2020). For croplands with a large amount of irrigation, such as the 
wheat/maize rotation cropland in the North China Plain, the ET was 
mainly controlled by Rn. Therefore, the α values could increase until Gs 
reached a relatively high value. For the Yangling site, due to the Rn was 
significantly higher than that of Weishan and Luancheng, the controlling 
effect of Rn was lower than other mentioned sites. Thus, the threshold of 
Gs was lower that reported by Lei and Yang (2010), Ding et al. (2013), 
and Suyker and Verma (2008). The ET in the cotton field was mainly 
controlled by soil moisture due to the sufficient Rn. It results that the 
threshold value of Gs of the cotton was slightly lower than that of the 
maize at Yangling. 

The VPD had two paths that can affect ET. On the one hand, a higher 
VPD will result in a higher ET as it reflects a high vapor pressure dif-
ference between air and stomatal or soil pores, which can enhance water 
vapor flow through stomata or the soil surface. On the other hand, the 
increasing VPD will reduce the stomatal aperture, which will increase 
stomatal resistance and reduce ET and was demonstrated in previous 
studies (Lei and Yang, 2010; Tian et al., 2016; Suyker et al., 2008; Gong 
et al., 2020; Marques et al., 2020). This study quantified the direct and 
indirect effects of VPD on ET. The increased flow through stomata as a 
function of VPD would be compensated for by reductions in stomatal 
aperture and increased flow rate through stomata. As the path analysis 
of ET showed, the maize season Gs was more sensitive to VPD than wheat 
season Gs, which indicates that the higher VPD in summer can signifi-
cantly and indirectly reduced ET. This was due to decreasing stomatal 
conductance as VPD increased (Rodrigues et al., 2014). These results are 

consistent with those in a maize ecosystem (Ding et al., 2015). 
The direct effect of LAI was relatively small in the monthly analysis; 

the reason is that the variation of LAI is small except for the rapid growth 
period of crop and the rotation period. VWC had two paths that can 
indirectly affect ET. In the seasonal and interannual scale, VWC can 
affect the development of LAI. Furthermore, VWC can directly and 
positively affect Gs by decrease soil surface resistance and stomatal 
resistance, then increasing soil evaporation and transpiration. Although 
the crop was rarely suffering moderate or severe water stress due to 
irrigation, VWC was relatively low due to lack of irrigation and the ET 
was mainly made up of soil evaporation when the wheat going into 
dormancy. Thus, the direct effect of VWC can be found in November and 
December. Then, the different effects of VWC for maize and season in  
Fig. 9 can be explained. 

In addition, there was a different effect of Tair for the maize and 
wheat seasons. In the monthly path analysis, ET was directly affected by 
Tair in October, November, and February. The air temperature in 
October, November, and February can significantly affect the emer-
gency, dormancy, and returning green stages of winter wheat. The 
transpiration of wheat will stop when wheat is experiencing dormancy 
and will increase when the wheat enters the returning green stage. In 
warmer winter, for wheat, the dormancy date will be delayed and the 
returning green stage will advance, which would increase ET, although 
the effect was relatively low. In summer, as the air temperature was 
high, and the phenology of maize was usually controlled by soil water 
content rather than the air temperature. Therefore, the significant direct 
effect of Tair was not founded during the maize season. The indirect 
effect of soil moisture on ET through Gs was relatively low for both 
wheat and maize because Gs was less affected by soil moisture when soil 
moisture was relatively high (Xu et al., 2018). The reason why VPD has a 
high indirect effect on ET through Gs in the monthly analysis is that 
increases in vapor flow through stomata as a function of vapor pressure 
deficit would be compensated for by reductions in stomatal aperture, 
which was consistent with the results of the seasonal analysis. Figs. 9–11 
illustrate that path analysis can identify the primary factors controlling 
ET. 

4.2. Bowen ratio in various ecosystems of China 

The seasonal variation in daily β in the winter wheat and summer 
maize rotation agroecosystem near Yangling, China followed the pattern 
of a double U-shaped curve, with minimum values occurring in May and 
August each year (Fig. 6c). During the study period, the mean values of β 
for the maize growing season, the wheat growing season, and annually 

Fig. 8. Relationship between Priestley–Taylor coefficient (α) and canopy conductance (Gc) during the (a) maize and (b) wheat growing seasons (after the wheat 
returning green stage) near Yangling, China. 
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were 0.59, 0.50, and 0.53, respectively (Table 4). These values differ 
from those reported in other ecosystems, such as spring maize, grass-
land, and forest (Gao et al., 2018; Li et al., 2006; Wilson and Baldocchi, 
2000). As Table 3 shows, the β values during both the maize and wheat 
growing seasons on the Guanzhong Plain were higher than those re-
ported on the North China Plain (Lei and Yang, 2010). This may be 
attributed to the Rn of Yangling was much higher than that of Weishan 
and Luancheng. Owing to irrigation, the annual ET of this study was 
higher than that of a grassland on the Loess Plateau. This leads to a much 
lower β compared to the grassland site (Ping et al., 2018). This indicates 
that a high water-consuming agroecosystem can significantly change its 
energy partitioning. 

Some periods of negative sensible heat flux were measured during 
the dormancy period of winter wheat in winter, which can be attributed 
to the advection of H (Prueger et al., 1996), and indicates that H can 
provide energy for evapotranspiration during the dormancy period (Lei 
and Yang, 2010). Many studies have reported that changes in actual 
evapotranspiration are mainly affected by changes in precipitation 
rather than equilibrium evaporation in regions that are prone to drought 
(such as the Guanzhong Plain), but the reverse is true in humid regions 
(Yang et al., 2007). However, in agroecosystem studied here, the vari-
ability in actual evapotranspiration was primarily explained by ETeq, 
and no significant relationship was found between ET and precipitation. 
This result indicates that the patterns of ET and energy partitioning can 
be changed by human activity (e.g., large amounts of irrigation). Large 
spatial scale irrigation results in sensible heat advection, which subse-
quently affects local energy partitioning and the water cycle. 

On an annual basis, LE consumed a large proportion of net radiation 
(62.6%), which was slightly higher than those reported for maize and 
soybean fields in Nebraska, USA (60%; Suyker and Verma, 2008), 
maize/wheat agroecosystems in the North China Plain (59%; Lei and 
Yang, 2010; Shen et al., 2013), and a temperate mixed forest ecosystem 
in Changbai Mountain (52%; Wu et al., 2007), but much higher that 
reported for a grassland ecosystem in the Tibetan region (24%; Gu et al., 
2005). The mean value of daytime LE/(Rn–G) was about 66.9% in the 
wheat growing season and 63.5% in the summer maize growing season, 
indicating that wheat consumed more water than maize for a given 
amount of energy. 

4.3. Annual evapotranspiration for maize and wheat in various regions of 
China 

Two of the most important grain crops worldwide—maize and 

wheat—are widely cultivated in North China. It is vital to understand 
the differences in timing and amount of water use for these two crops in 
different regions. Therefore, ET for maize and wheat between different 
regions in North China was compared, and the data is presented in  
Table 5. Summer maize generally has a lower ET than that of spring 
maize due to its shorter growing season. We did not find a significant 
relationship between ET and precipitation as the irrigation mitigated the 
effects of low precipitation. A comparison of the three main summer 
maize planting areas in China (Weishan, Luancheng, and Yangling) (Lei 
and Yang, 2010; Shen et al., 2013) revealed that summer maize in 
Yangling consumes more water than the other two locations. The reason 
is that Yangling has higher Rn and VPD than Weishan and Luancheng. 
Yangling also had slightly lower winter wheat ET than Luancheng and 
slightly higher winter wheat ET than Weishan, thus indicating that 
sufficient irrigation can change the pattern of water and energy parti-
tioning, relative to semi-arid and humid regions. In addition, irrigated 
cropland in semi-arid regions not only experiences lower precipitation 
than semi-humid regions but also higher evaporative demand. 

5. Conclusion 

EC observations of water and energy fluxes with good quality were 
made, and path analysis of ET with meteorological, hydrological, and 
biological factors was conducted in a typical irrigated winter wheat/ 
summer maize rotation field in the Guanzhong Plain from June 2013 to 
June 2018. The total ET for each crop year was 645, 627, 753, 775, and 
739 mm from June 2013 to June 2018. Average total evapotranspiration 
was 310 mm and 398 mm for the maize and wheat growing seasons, 
respectively. For both crops, ET increased rapidly with rapid canopy 
development, reaching peak values when the canopy was fully devel-
oped. The ET decreased as the canopy senesced. Gs reached 19.5 and 
29.5 mm s–1 in the maize and wheat growing seasons, respectively. For 
both maize and wheat, daily β values were between 0.1 and 0.2 when 
LAI reached maximum values and ranged from 1.5 to 2.9 during the 
rotation period. The average β value in the five-year study was 0.59 for 
maize and 0.53 for wheat. Rn was the primary controlling factor of ET for 
both maize and wheat season. Also, Gs was another controlling factor 
that had more controlling power in maize season than in wheat season. 
VPD had a significant positive and direct effect on ET for both wheat and 
maize season, whereas it had a significant negative and indirect effect on 
ET through Gs in the maize season. VWC and Tair only directly affect the 
wheat ET. In addition, VWC had two significant paths that can indirectly 
affect ET through LAI and Gs. The understanding of the controlling 

Fig. 9. Path analysis illustrating the relative importance of the eco-hydrological variables net radiation (Rn), air temperature (Tair), vapor pressure deficit (VPD), 
volumetric soil water content (VWC), and leaf area index (LAI) on evapotranspiration (ET) during the 2013–2018 (a) maize and (b) wheat growing seasons. Paths 
that were not significant at P < 0.05 are indicated as ‘NS’; all other paths were significant at P < 0.05. 
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factors of ET provides the theoretical basis for quantifying crop water 
requirements and improving water use efficiency. 
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Fig. 10. Path analysis coefficients illustrating the direct effects of net radiation 
(Rn), surface conductance (Gs), vapor pressure deficit (VPD), leaf area index 
(LAI), air temperature (Tair), and volumetric soil water content (VWC) on 
evapotranspiration (ET) each month in Yangling, China. Black bars indicate 
significant path coefficients (P < 0.05) and gray bars indicate nonsignificant 
path coefficients. 

Fig. 11. The indirect effects of vapor pressure deficit (VPD), leaf area index 
(LAI), net radiation (Rn) and volumetric soil water content (VWC) through 
surface conductance (Gs) on evapotranspiration (ET) each month in Yangling, 
China. Black bars indicate significant path coefficients (P < 0.05) and gray bars 
indicate nonsignificant path coefficients. (VPD_Gs_ET means the indirect effect 
of VPD through Gs on ET). 

Table 4 
Review of average daily Bowen ratio (β) during the maize and wheat growing 
seasons at different sites in China. P is total precipitation during the indicated 
period.  

Vegetation Period P β Reference 

Maize in 
Guanzhong 
Plain 

Jun 10–Oct 10, 
2013–2018 

311 0.59 This study 

Maize in 
Luancheng 

Late June to early 
October 

301–417 0.28–0.47 (Lei and Yang, 
2010) 

Maize in Weishan Late June to early 
October 

215–386 0.37–0.48 Shen et al. 
(2013) 

Wheat in 
Guanzhong 
Plain 

Oct 10–Jun 10, 
2013–2018 

288 0.50 This study 

Wheat in 
Luancheng 

Late October to 
early June 

70–197 0.16–0.23 (Lei and Yang, 
2010) 

Wheat in Weishan Late October to 
early June 

124–236 0.19–0.26 Shen et al. 
(2013)  
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